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Abstract 
It is known that the servo reference voltage affects the material removal rate. However, its effect on the tool wear rate is not well 
known.  In this study was used an electro-thermal model to simulate a single electrical discharge. Therefore, this numerical and 
experimental study not only shows the effect of servo reference voltage on the material removal rate but also on the tool wear rate. 
The effect of servo reference voltage on the material removal rate is multiplicative, in the generality of the cases, occurring multiple 
discharges, but it can also be reductive in some of them, meaning that, occurs an incomplete discharge. The effect of servo 
reference voltage on the tool wear rate is always reductive when the material removal rate is multiplicative and vice-versa. The 
numerical results agree well with experimental data. 
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1. Introduction 
The electrical discharge phenomenon is not yet 
understood in the electrical discharge machining 
process. Thus, multiple discharges occur during 
machining, and mainly, when the Adaptive Control 
Optimization (ACO) is used and the research community 
does not provide an explanation to it. Some authors [1] 
show that the steepest ascent path algorithm, used in the 
adaptive control optimization, leads to the maximum 
machining rate, which is due to an increase in the pulse 
efficiency, according to the authors. However, the 
present authors demonstrate that the maximum 
machining rate reached is mainly due to the occurrence 
of multiple discharges when the adaptive control 
optimization is used. Multiple discharges occur during 
the machining due to the servo reference voltage. The 
effect of multiple discharges on material removal rate is 
reported in [2] but it is not related to the servo reference 
voltage.  
  
In the present article, an electro-thermal model was 
developed to simulate a single discharge in the electrical 
discharge machining process. The crater depth of the 
single discharge gives the maximum roughness of 
workpiece surface. The material thus removed is 
corrected through the number of multiple discharges due 
to the servo standard voltage (±3V) or a value between 0 
and ±3V when the adaptive control optimization is used. 
So, in this article it is reported not only the effect of 
servo standard voltage on the material removal rate, but 
also on the tool wear rate.  
2. Methodology 
The servo reference voltage affects the number of 
discharges produced during a current pulse. The present 
authors demonstrate through a set of experiments carried 
out in a die-sinking EDM machine, AGIE COMPACT 3, 
with adaptive control optimization, which was disable 
during machining and, therefore, the machining was 
done using the servo standard voltage (±3V). Another 
set of experimental results obtained using the adaptive 
control optimization was used, in order to reinforce our 
theory. So, the experimental results of the research [3, 4] 
were used to support our research because the authors 
reported that maximum machining rates were reached 
using optimum machining conditions. The comparison 
of the experimental and numerical results was done and 
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the relative error to the experimental data was 
calculated. 
 
The variables used in the research are shown as 
follow, 
G discharge gap  
I  discharge current 
 electrical conductivity 
 pulse duration 
S area of discharge channel 
r radius of discharge channel 
V discharge voltage 
k thermal conductivity 
cp specific heat 
 density 
Rz maximum roughness of workpiece surface  
 
In the electrical discharge phenomenon, the tool goes 
in direction to the workpiece, and when an enough small 
gap is reached, there is a dielectric breakdown. So, the 
discharge gap is established and the open voltage falls 
and the discharge current rises to a constant value set by 
the operator. The discharge current is almost constant 
regardless the discharge voltage, however, there is 
material vaporization of the tool and workpiece, which 
increase the discharge gap. The increase in the discharge 
gap leads to an increase in the discharge voltage, 
reaching its maximum value (+3V), and consequently, 
creates conditions to occur another discharge. So, the 
number of discharges that occur during a current pulse is 
related to the number of times that the crater depth of the 
single discharge is exceeded by the servo standard 
control. The servo standard voltage (3V) is associated to 
the displacement of 16 m that is the average of the 
displacements calculated based on the linear relation 
between the discharge voltage and discharge gap. The 
discharge gap is given by equation (1) used in the 
research [5] and the discharge voltage (V) is given by 
equation (2) used in the research [6]. The radius of 
discharge channel is calculated based on equation (3) 
 The 
radius of discharge channel is maintained constant 
during the electrical discharge duration. A displacement 
of 8 m was used when optimization on-line is done, 
which corresponds to the average value of servo 
standard voltage of 1.5V. 
 
 G=10.268+8.984*I  (1) 
 
    (2) 
 
 r=2.04E-3*I0.43 0.44  (3) 
 
The electro-thermal model simulates a single 
discharge, but it is needed two runs for a current pulse, 
one to calculate the material removal rate and the 
maximum roughness of workpiece surface, and the other 
to compute the tool wear rate. This procedure is due to 
the increase of the discharge gap that moves its center 
and changes the center of the power source. So, the 
center stays further away from the tool electrode, a less 
power fraction is applied, and closer to the workpiece, a 
great fraction of power is applied, because it is removed 
more material from the workpiece than from the tool. 
However, in the numerical simulation is considered 
equal power fraction. This movement leads to an 
increase in the discharge voltage during the pulse 
duration in the analysis of the material removal rate and 
maximum roughness of workpiece surface. However, 
there is a decrease in the discharge voltage in the 
analysis of tool wear rate. 
 
The properties of dielectric, the properties of steel 
with 0.5% carbon and the properties of pure copper are 
shown in Table 1. These properties were used in the 
electro-thermal model to compute the process 
performance parameters. The material to be removed has 
as limit the material melt temperature of the tool and 
workpiece, which has a spherical segment shape that is 
used to calculate the volume removed. 
 
Table 1-Material properties used in the numerical simulation 
Properties of the dielectric 
Temperature 
( ºC) 
 
(Kg/m) 
Cp 
(J/Kg.ºC) 
k 
(W/m.ºC) (S.mm)
 2,600 710 16 750 
Properties of copper 
Temperature 
(ºC) 
 
(Kg/m) 
Cp 
(J/Kg.ºC) 
k 
(W/m.ºC) (S.mm)
20 8,954 383 386 59,71 
100   379  
200   374  
300   369  
400   363  
600   353  
Properties of carbon steel, 0.5% carbon 
Temperature 
(ºC) 
 
(Kg/m) 
Cp 
(J/Kg.ºC) 
k 
(W/m.ºC) (S.mm)
20 7,833 465 55 9,900 
100   52  
200   48  
300   45  
400   42  
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600   35  
800   31  
1000   29  
1200   31  
 
The research experimental materials are the 
electrolytic copper as tool, which has 16 mm in diameter 
and a 100 mm in length. The workpiece is in AISI D2 
steel with dimensions 300x60x25 mm3. So, the 
experimental materials properties and the materials 
properties used in the numerical simulation are different, 
which can cause some discrepancy when comparing the 
results because these properties affect the process 
performance parameters [8]. However, this is a good 
compromise to compare our numerical results with 
experimental data of research [3, 4]. The remaining 
EDM input parameters used in our research are in the 
handbook of the machine AGIE Compact 3-table of 
materials copper/steel, machined under difficult 
conditions. 
 
3. ELECTRO-THERMAL MODEL 
3.1 Mathematical modeling 
The finite element analysis (FEA) has been done 
using the ABAQUS/Standard Code that provides a 
coupled electro-thermal analysis, which was associated 
to the electrical discharge created in electrical discharge 
machining. 
Joule heating arises when the electrical energy 
flowing through a conductor is converted in thermal 
energy. The coupling arises from two sources: the 
electrical conductivity is temperature dependent, and the 
internal heat generated in the thermal problem is 
function of electrical current. However, in the present 
analysis the electrical conductivity is considered 
temperature independent. Moreover, the thermal 
problem includes the heat conduction through the 
electrodes and exchange of heat by radiation between the 
initial discharge plasma and the surrounding dielectric 
that is at ambient temperature. The forced heat 
convection caused by fluid flowing through the mesh is 
not considered. The electric-thermal elements have both 
temperature and electrical potential as nodal variables. 
 
3.2 Governing equation 
The governing equation of phenomenon is based on 
n of conservation of charge in a 
conducting material, assuming that there is a steady-state 
direct current, the equation reduces to 
S V
c dVrdSnJ    (4) 
and after introducing an arbitrary variational, the 
electrical potential field, , and integrating over the 
volume, we have 
V S V
c dVrdSJdVJx
  (5) 
where J defined as J n is the current density entering 
the control volume (V) across surface (S) and rc is the 
internal volumetric current source per unit volume. This 
is the governing equation of the coupled electro-thermal 
problem.  
3.3 Constitutive behaviour 
 
The flow of electrical current is described by Ohm's 
law:  
EJ E     (6) 
where fE ,  is the electrical conductivity matrix;  is 
the temperature; and  f , 
field variables. The electrical conductivity can be 
isotropic, orthotropic, or fully anisotropic. However, in 
the present analysis the electrical conductivity is 
considered isotropic. E(x) is the electrical field intensity. 
Introducing Ohm's law, the governing equation of 
charge conservation becomes  
V S V c
E dVrdSJdV
xx  
(7) 
3.4 Thermal energy balance 
The heat conduction behaviour is described by the 
basic energetic balance relation  
V SVV
dSqdVrdVdVU
x
k
x
  (8) 
where V is a volume of solid material, with surface area 
S;  is the density of the material; U  is the internal 
energy; k is the thermal conductivity matrix; q is the heat 
flux per unit area of the body, flowing into the body; and 
r is the heat generated within the body.  
Equations (7) and (8) describe the electrical and 
thermal problems, respectively. Thus, the internal heat 
generation in the thermal problem is a function of 
electrical current, Jecrr . 
3.5 Surface conditions 
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The boundary conditions of surface S of the body 
can be prescribed, Sp, and parts that can interact with 
nearby surfaces of other bodies, Si. Prescribed boundary 
conditions include the electrical potential, t,x  ; 
temperature, t,x  ; electrical current density, 
tJJ ,x ; heat flux, tqq ,x . The surface interaction 
model includes heat conduction from and through the 
plasma channel, workpiece and electrode and also 
includes the heat exchange by radiation between the 
interface of plasma channel and surrounding dielectric. 
There is electrical current flowing across the interfaces 
between the initial plasma/workpiece and the initial 
plasma/tool. The surface convection was not considered 
in the model. Initially, the model is at ambient 
temperature of 15ºC. Heat conduction is modelled by  
Bgc kq     (9) 
where  is the temperature on the surface of the body 
under consideration,  is the temperature on the surface 
of the other body, and fkg ,  is the gap thermal 
conductivity.  
The electrical current flowing between the interface 
surfaces is modelled as  
BgJ     (10) 
where  is the electrical potential on the surface of the 
body under consideration, B is the electrical potential 
on the surface of the other body, and  fg ,  is the 
gap electrical conductivity. The electrical energy 
dissipated by the current flowing across the interface,  
2
BgBec JP   (11) 
that is released as heat on the surfaces of the bodies:  
ecgec Pfq    (12) 
and 
ecg
B
ec Pfq 1     (13) 
where g is an energy conversion factor and f specifies 
how the total heat is distributed between the interface 
surfaces. A Pec averaged value over the time increment is 
used in a transient analysis. Introducing the surface 
interaction effects and electrical energy released as 
thermal energy, the governing electric and thermal 
equations become  
ip S
BgV V Sc
E dSdSJdVrdV
xx
 
and  
iS
dSecqcqV pS
dSqV dVecPgdVr
V dVV dVU x
k
x
 
In a finite element model equilibrium is 
approximated as a finite set of equations by introducing 
interpolation functions. The discretized quantities 
represent nodal variables, with nodes shared between 
adjacent elements and appropriate interpolation chosen 
to provide adequate continuity of the assumed variation. 
There is an appropriate function of interpolation for the 
virtual electrical potential field and the temperature field 
in the thermal problem transforming the last two 
equations in a set of discretized electric and thermal 
equations. 
4 RESULTS and DISCUSSION 
4.1 Our experimental set 
Our set of experiments was carried out without 
adaptive control optimization, and so, the standard servo 
reference voltage was applied to the discharge gap 
control. 
The experimental and numerical results of material 
removal rate are shown in Table 2. The numerical results 
were obtained with the material removed in the single 
discharge modified with the effect of multiple discharges 
for each case of current intensity. In Table 2 is shown 
that the experimental results of material removal rate do 
not show in general a tendency greater than or smaller 
than the numerical results because there are a similar 
number of experiments with opposite signal for the 
errors. Therefore, the average error is +6.85% with the 
limits of +34% and -15%. 
The numerical results of the single discharge depth 
and the maximum roughness of workpiece surface 
determined experimentally are shown in Table 3. There 
is a tendency in the single discharge depth, which is 
always smaller than experimental result and the average 
error is equal to +21.4% with a maximum of +32% and a 
minimum of +14%. The results of maximum roughness 
of workpiece surface indicate that it is not only 
dependent on material removal rate but also may be 
dependent on the single discharge depth of the tool 
surface. 
The experimental and numerical results of the tool 
wear rate are shown in Table 4. The numerical results 
were obtained with the material removed in a single 
discharge modified with the effect of multiple discharges 
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for each current intensity case. In Table 4 is shown that 
the experimental results of tool wear rate provide, in 
general, a tendency to be smaller than the numerical 
results. All experimental results are smaller than the 
numerical with exception of one experiment. Therefore, 
the average error is -21.1% with the limits of +21% and 
-82%. 
In fact, some studies [9] found a change in the tool 
wear ratio due to the black layer, which decrease the tool 
wear rate and increase material removal rate. While 
analysing the numerical results it should be taken into 
account this correction because the tool wear rate 
calculated numerically is greater than the obtained 
experimentally. Moreover, the material removal rate 
computed is smaller than the obtained experimentally. 
This modelling is a good approach to predict EDM 
performance. 
 
Table 2-Numerical and experimental results of material removal rate 
Current 
Intensity 
(A) 
Pulse 
duration 
( s) 
Pause 
( s) 
MRR (mm3/min) 
Exp.          Num.        Error (%) 
5.6 56 75 1.42 0.94 +34 
8.5 75 240 1.82 2.09 -15 
9.9 130 320 2.75 3.01 -10 
15.8 180 100 21.4 16.3 +24 
19.3 180 24 38.7 42.2 -9 
24.8 240 32 54.6 54.1 +1 
37.1 560 42 74.1 56.8 +23 
 
Table 3-Numerical and experimental results of the maximum 
roughness of workpiece surface 
Current 
Intensity 
(A) 
Pulse 
duration 
( s) 
Pause 
( s) 
Rz ( m) 
Exp.          Num.        Error (%) 
5.6 56 75 16 11 +32 
8.5 75 240 22 17 +24 
9.9 130 320 27 20 +25 
15.8 180 100 32 27 +14 
19.3 180 24 38 32 +16 
24.8 240 32 48 37 +23 
37.1 560 42 54 45 +16 
 
Table 4-Numerical and experimental results of tool wear rate 
Current 
Intensity 
(A) 
Pulse 
duration 
( s) 
Pause 
( s) 
TWR (mm3/min) 
Exp.          Num.        Error (%) 
5.6 56 75 0.030 0.037 -23 
8.5 75 240 0.030 0.032 -6 
9.9 130 320 0.030 0.031 -1 
15.8 180 100 0.170 0.134 +21 
19.3 180 24 0.250 0.262 -5 
24.8 240 32 0.300 0.455 -52 
37.1 560 42 0.090 0.164 -82 
 
4.2 AGIE experimental set 
The our numerical results and the experimental data 
(AGIE) used in research [3, 4] of the EDM performance 
parameters are shown in Table 5 to Table 7. The results 
of numerical model modified through the effect of 
multiple discharges when compared to AGIE 
experimental data show very similar trends like those 
observed in our experimental data for the EDM 
performance parameters. 
The numerical results of material removal rate do not 
show a tendency greater than or smaller than 
experimental results, however, the numerical results are 
smaller than experimental results for current intensities 
smaller than 20 Ampere and the numerical results are 
greater than experimental data for current intensities 
greater than 20 Ampere. These results show that the use 
of optimization on-line change the machining process 
behaviour. 
 
Table 5-Numerical and experimental values of material removal rate 
Current 
Intensity 
(A) 
Pulse 
duration 
( s) 
Pause 
( s) 
MRR (mm3/min) 
 
Exp.          Num.        Error (%) 
5.6 18 2.4 8.4 6.2 +27 
8.5 24 2.4 23.2 17.2 +26 
9.9 32 2.4 32.0 23.5 +27 
12.8 42 3.2 50.5 38.8 +23 
19.3 56 3.2 89.7 79.1 +12 
24.8 100 4.2 125 127 -2 
37.1 180 4.2 226 239 -6 
44.0 240 5.6 246 324 -32 
51.4 420 7.5 346 396 -14 
 
Table 6-Numerical and experimental values of maximum roughness of 
workpiece surface 
Current 
Intensity 
(A) 
Pulse 
duration 
( s) 
Pause 
( s) 
Rz ( m) 
 
Exp.           Num.        Error (%) 
5.6 18 2.4 15 9 +39 
8.5 24 2.4 24 13 +47 
9.9 32 2.4 27 15 +45 
12.8 42 3.2 30 18 +40 
19.3 56 3.2 38 23 +40 
24.8 100 4.2 48 30 +38 
37.1 180 4.2 60 41 +32 
44.0 240 5.6 60 47 +22 
51.4 420 7.5 67 57 +15 
 
Table 7-Numerical and experimental values of tool wear rate  
Current 
Intensity 
(A) 
Pulse 
duration 
( s) 
Pause 
( s) 
TWR (mm3/min) 
 
Exp.           Num.        Error (%) 
5.6 18 2.4 0.07 0.12 -71 
8.5 24 2.4 0.30 0.39 -30 
9.9 32 2.4 0.63 0.43 +31 
12.8 42 3.2 0.76 0.64 +15 
19.3 56 3.2 3.58 1.52 +58 
24.8 100 4.2 3.38 1.73 +49 
37.1 180 4.2 6.78 2.47 +64 
44.0 240 5.6 3.69 2.89 +22 
51.4 420 7.5 4.84 2.29 +53 
 
As far as maximum roughness of workpiece surface 
and maximum single discharge depth is concerned its 
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behaviour is equal to machining without optimization 
on-line, so, the numerical results are always smaller than 
experimental ones with an average error +35%. The 
maximum error is 47% and minimum 15%. 
 
Tool wear rate results show, a very different 
behaviour of the machining without optimization on-
line, once, the experimental results are greater than 
numerical results while without optimization on-line the 
experimental results are smaller than numerical results. 
So, the average error is +21% with the limits of +64% 
and -71%. 
This behaviour can occurs during machining due to 
the large number of discharges and small power applied 
because its relationship varies with servo reference 
voltage used during the optimization on-line. Therefore 
the applied power to the tool and workpiece due to the 
material vaporization is smaller than the applied power 
without optimization because the displacement between 
the tool and workpiece is smaller in optimization on-line 
case.  
5 CONCLUSIONS 
 The servo reference voltage affects the number of 
discharges that occur during the pulse, affecting the 
EDM performance. 
 
 The material removal rate has average errors equal 
to +6.85% for our experimental data, and +6.77% 
for AGIE data. However, the average error is 
calculated with random errors in our experimental 
data while in AGIE data seems to a tendency 
associated to the current intensity. 
 
 The maximum roughness of workpiece surface, 
given by the single crater depth of the numerical 
model and the experimental data, show an average 
error equal to 21.4% and 35% for our experimental 
data and AGIE data, respectively. 
 
 The tool wear rate has average errors of -21.1% and 
+21.2% for our experimental data and AGIE data, 
respectively. However, as discussed before the tool 
wear rate is largely affect by the servo reference 
voltage, which affects the power fraction applied to 
the tool and workpiece and the number of 
discharges. 
 
As far as the tool wear rate is concerned, its average 
errors have the same module and opposite signals, 
meaning that may exist a relation between this parameter 
and maximum roughness surface because the average 
errors of it increase while the tool wear rate decrease. 
However, material removal rate shows a large difference 
between its maximum and minimum and this is 
emphasized in analyze of AGIE data. The analysis 
shows that the machining with optimization on-line is 
more difficult to preview relatively to machining without 
optimization. 
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